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Abstract: Artificial control of neural activity allows for understanding complex neural networks
and improving therapy of neurological disorders. Here, we demonstrate that utilization of
photovoltaic biointerfaces combined with light waveform shaping can generate safe capacitive
currents for bidirectionalmodulation of neurons. The differential photoresponse of the biointerface
due to double layer capacitance facilitates the direction control of capacitive currents depending
on the slope of light intensity. Moreover, the strength of capacitive currents is controlled by
changing the rise and fall time slope of light intensity. This approach allows for high-level control
of the hyperpolarization and depolarization of membrane potential at single-cell level. Our
results pave the way toward advanced bioelectronic functionalities for wireless and safe control
of neural activity.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Bidirectional modulation of membrane potential can allow for initiation or stimulation of neural
activity [1]. This control of membrane potential helps in switching on and off the neural networks
to understand the brain activity or treat biological disfunctions [2–4]. Optogenetics, which
combines genetics with optics, introduced a wide variety of transmembrane proteins that can
stimulate or silence neural activity [5]. For example, channelrhodopsin, halorhodopsin, and
archaerhodopsin are used for neural activation and archaerhodopsin-3, eNpHR, KR2 are used for
suppression of neural activity [6,7]. However, since these ion channels or pumps are generally
introduced via genetic modification by a viral vector delivery [1], such a structural variation is
currently one of the main concerns for its clinical use.
Extracellular electrical stimulation of nerve cells is a non-genetic and clinically-approved

method to control the neural activity [8]. To mitigate the toxicity from electrochemical reactions at
metal-tissue interfaces, charge-balanced alternating current pulses (AC) were used for implantable
neuroprostheses including cochlear implants, deep brain stimulators, spinal cord stimulators,
and retinal implants [9–12]. Short-duration pulses are applied to neural tissue in a phase-locked
fashion for stimulation [13]. To inhibit the target neurons, implants typically work indirectly by
delivering excitation to populations of neurons by delivering high pulse rates that suffer from
some undesirable side effects such as persistent refractory state [14].

Capacitive charge-transfer mechanism is a long-term applicable and safe method without any
tissue or electrode damage for neural stimulation [8]. It is based on the perturbation of the
ion concentration of the electrolyte via a time-varying electric field on the electrode surface
[15]. These currents are based on the double layer capacitance. Light-activated capacitors
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(i.e., photocapacitors) using different material systems such as organic, inorganic, or hybrid
semiconducting materials have been investigated and show promise for effective capacitive
current generation [16–20]. The capacitive currents are used for photostimulation of a wide
variety of neurons such as DRG neurons, oocytes and cancerous cell lines [16–21].

Pulse modulation is a widely used technique in bioelectronics for neuromodulation [22–24].
In general, electrical power gradients were utilized. Schoen et. al. demonstrated modulation
of membrane potential under rising and falling voltage pulse modulations to excite neural cells
attached to capacitive substrate [24]. In terms of optical modulation, square-waves have been
generally applied for photostimulation [16–17,20,21]. However, the effect of variation of light
power gradients on photocapacitive substrates were not investigated for photostimulation yet.
In this report, we demonstrate control of membrane depolarization and hyperpolarization by

modulating the input signal (light pulse) waveforms, which allow for bidirectional modulation of
the membrane potential via capacitive charge-transfer. For that we fabricated biointerfaces based
on a biocompatible photoactive layer of P3HT:PCBM bulk heterojunction. In order to control the
photoelectric response, we performed a systematic study of the negative and positive capacitive
transient photocurrents by changing pulse waveforms from square to asymmetric trapezoidal
shapes that enables high-level control of membrane depolarization and hyperpolarization on
SH-SY5Y neuronal cells.

2. Methods

2.1. Materials

Poly(3-hexylthiophene-2,5-diyl) (P3HT) with regioregularity of 95.7% and a molecular weight
of 57,467 g mol−1, [6,6]-PPhenyl-C61-butyric acid methyl ester (PC61BM) with a molecular
weight of 1,031 g mol−1 were purchased from Ossila Ltd. And used as received. Other materials
and processing chemicals such as Zinc acetate dihydrate (Zn(CH3CO2)2·2H2O) with molecular
weight 183.48 g mol−1, Ethanolamine (HOCH2CH2NH2) with molecular weight 61.08 g mol−1,
1,2 dichlorobenzene were purchased from Sigma Aldrich and used without any purification.

2.2. Photocapacitor preparation

Indium Tin Oxide (ITO) on glass substrates (side length, 20 mm; side length, 15 mm; thickness
1.1 mm; resistance, 14 - 16Ω.cm−2; Ossila) was cleaned with 10 wt% Sodium Hydroxide solution
for 5 min, 2% by volume a specific tension-active agent in a water solution (HELLMANEX
II, 3%) for 15 mins at 55 0C, DI water for 15 min, acetone for 15 mins and isopropyl alcohol
for 15 mins using ultrasonic bath. The cleaned ITO on glass coated substrates were dried in
oven at 50 0C and treated with UV-Ozone for 15 min. ZnO precursor sol-gel solution (0.45
M) was prepared by mixing 219.3 mg Zinc acetate dehydrate (Zn(CH3CO2)2·2H2O), 2 ml of
2-Methoxyethanol (C3H5O2) and 73 mg of Ethanolamine (HOCH2CH2NH2) and ultrasonicating
at 55 0C for 15 min [2]. 20 mg ml−1 of the donor co-polymer P3HT and 10 mg ml−1 of acceptor
molecule PC61BM solution was prepared in o-dichlorobenzene and stirred overnight at 70 0C
on a hot plate. Then, 20 mg ml−1 P3HT and 10 mg ml−1 PC61BM (1:0.5 wt. ratio) was mixed
and stirred at 70 0C for 4 hours. The optimized photoelectrode was fabricated by spin coating
ZnO precursor sol-gel solution at 2000 rpm for 60 s on a cleaned ITO coated on glass substrate
and annealed on a hot plate at 290 0C for 15 min [3]. Further on ITO/ZnO substrate photoactive
blend of P3HT:PC61BM (1:0.5 wt. ratio) solution in o-dichlorobenzene was spin coated at 1000
rpm for 90 s, then heated at 150 0C for 15 min.
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2.3. Optical and surface characterization

UV-Vis Transmittance (Edinburg) was used to measure absorbance of the optimized photoelec-
trode. Scanning electron microscopy (SEM) (Zeiss) was used for imaging surface profile and the
cross-sectional structure of the optimized photocapacitor.

2.4. Photocurrent measurements

The photocurrent measurements were performed on a set up including an Olympus T2 upright
microscope. An extracellular patch clamp (EPC) 800 patch clamp amplifier (HEKA Elektronik) is
used for measuring photocapacitive currents. The experiment was carried out at room temperature
in an extracellular artificial cerebrospinal fluid (aCSF) aqueous medium as supporting electrolyte
solution. Extracellular medium of aCSF was prepared by mixing 10 mM of 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), 10 mM of glucose, 2 mM CaCl2, 140 mM of NaCl, 1
mM of MgCl2, 3 mM of KCl, into the distilled water and pH was calibrated to 7.4 using 1M
NaOH. For the light stimulation, Thorlab’s blue LED (M450LP1) with nominal wavelength of
445 nm was used at intensity level of 150 mW. cm−2. LED were driven by DC2200 - High-Power
1-Channel LED Driver with Pulse Modulation (Thorlab’s). A power meter (Newport 843-R)
was used to measure the exact power of light reaching the surface of photocapacitor. The
illumination was focused with water immersion objective. Illumination area was 1× 1 cm2. The
photocapacitor corners were cleaned with toluene to stabilize the photocurrent measurements.

2.5. Electrophysiology

Electrophysiology measurements were performed with EPC 800 patch clamp amplifier (HEKA
Elektronik). The photocapacitors were cleaned with 70% (by volume) ethanol solution and
incubated for 2 day in water. The pulled patch pipettes of 8-12 MΩ were used to perform
the whole-cell patch clamp experiment. Extracellular medium aCSF was prepared as previous
mentioned. Internal cellular mediumwas prepared by mixing 140 mMKCl, 2 mMMgCl2, 10 mM
HEPE, 10mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA), 2 mM
Mg-ATP in water and its pH was calibrated to 7.2-7.3 using 1 M KOH, and patch pipettes were
filled with intracellular solution. Digital camera integrated with Olympus T2 upright microscope
was used to monitor the cells. For the cell growth on the biointerface we used the cell culture
methodology as in Ref. [21]. SHSY-5Y neuroblastoma cell line was used for electrophysiology.
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco 41966-029) with 10% heat-inactivated
fetal bovine serum (FBS, Gibco 10500) and antibiotics (1% penicillin-streptomycin, Gibco
15240-062) was used as a growth medium. The cells were cultured at 85% humidified incubator
at 37 0C with 5% CO2.

2.6. Optical safety considerations

According to ocular safety standards for ophthalmic applications, the maximum permissible
radiant power (MPF) that could enter the pupil chronically or in a single short exposure is
calculated. For single-pulse exposures (pulse width of 10ms) at 400 - 700 nm, the peak limit is
governed by the equation MPF= 6.93 × 10-4 CTCEt-0.25, where, t= 10 ms (pulse width), CT = 1
in the range of 400–700 nm and CE is a function of the visual angle α. For retinal spot sizes
greater than 1.7 mm, α=αmax= 100 mrad and CE = 6.67 × 10-3 α2 = 66.7 W. For 10 ms pulse
width MPF= 146.17 mW. For a pupil size with diameter 1.7 mm MPF per unit area is MPFper
unit area= 6443 mW. cm−2.
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3. Results and discussion

3.1. Biointerface characterization

We fabricated a capacitive charge-injecting biointerface developed by Srivastava et. al. [21],
which is comprised of ITO on top of glass substrate as the back electrode, ZnO as the electron
transport layer, and P3HT:PC61BM blend thin film as the photoactive layer (Fig. 1(a)). The
cross-sectional SEM image shows that the thickness of the photoactive layer is ∼ 100 nm and
the thickness of the ZnO layer is ∼ 50 nm (Fig. 1(b)). The energy band alignment (Fig. 1(c))
reveals that the electron transport is favorable towards ZnO and hole transport towards P3HT.
The absorption spectra of the photocapacitor (Fig. 1(d)) advantageously covers almost the whole
visible range that originate by the collective absorption of the bulk heterojunction composites
from violet to red spectral window and ZnO layer in the ultra-violet region.

Fig. 1. (a) Schematic of device structure of the photocapacitor (ITO/ZnO/P3HT:PC61BM).
(b) Cross-sectional SEM image of photocapacitor. (c) Energy band diagram of the photoca-
pacitor. (d) Ultraviolet-to-visible (UV-Vis) absorbance spectrum of ZnO/P3HT:PC61BM
thin film. (e) Schematic of the photocurrent measurement set-up. The patch pipette is
kept close to the surface and the current is measured with a voltage-clamp mode under
free-standing configuration. (f) Photocurrent under 5ms pulsed illumination.

After the incoming light-radiation in the visible range is absorbed by the photoactive blend, the
photogenerated charge carriers dissociate due to the band alignment. Electrons are drifted toward
ITO and holes are localized in the P3HT to induce a displacement current. Here the integration
of the intermediate layer of ZnO between ITO and the photoactive layer decreases the strength of
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the Faradaic portion of the photocurrent [21]. Moreover, ZnO thin film acts as a hole blocking
layer, which reduces electron-hole recombination and thereby, it enhances the output capacitive
photocurrent. Since LUMO energy of P3HT is above water oxidation energy, Faradaic current
due to hole transfer into the electrolyte is significantly suppressed. Hence, the hole accumulation
in the biointerface close to the electrolyte can generate a capacitive photocurrent.

3.2. Biointerface photoresponse

The photocapacitor was probed for the photocurrent response inside the aCSF solution using
patch-clamp system (HEKA, EPC800) in voltage-clamp mode with ∼ 6 MW patch pipette tips
in free-standing condition (Fig. 1(e)). We built an optomechanical setup that allowed light
illumination from the top side on the biointerface surface impinging initially on the photoactive
layer (Fig. 1(e)). First, we characterized the photocapacitor with 5-ms square-wave blue light
illumination at the peak intensity level of 150 mW cm−2 and found the capacitive photocurrent
with asymmetric negative spike of 3.86 nA and positive spike of 1.35 nA, respectively (Fig. 1(f)).
Since the holes mainly attract negative ions and repulse the positive ions, the light rise-time
induces a negative capacitive transient current that corresponds to a direction from electrode to
electrolyte. In contrast, while the light is turned off, since the hole accumulation and potential
decreases due to recombination of photogenerated charge carriers, a positive current spike is
observed. Rand et. al. [17] reported 17 mV transmembrane potential change by a photocapacitor
consisting of sequentially deposited Cr/Au and H2Pc (p-type) and PTCDI (n-type). Abdullaeva
et. al. [19]. reported photocurrent levels of 100 pA and transmembrane potential change up to
100 µV by using SQIB:PCBM photocapacitor. Hence, the photocurrents and transmembrane
potential changes reported in this study are at comparable levels.
In order to study the controlling behavior of the shape of light pulse waveform on capacitive

photocurrents, we varied input light waveforms from square to asymmetric trapezoidal shapes.
For that we changed the illumination rise time (t2) in Fig. 2(a) from 250 µs to 20 ms while

keeping t1 (t1= 5 ms) fixed at the peak light intensity of 150 mW cm−2. Under these conditions,
the negative peak decreased from 1720 pA to 410 pA while the slope changed from 600 mW cm−2

ms−1 to 7.5 mW cm−2 ms−1, respectively (Fig. 2(c)). The photocurrent during the termination of
light was relatively constant around 1.35 nA.
Similarly to analyze the effect of illumination fall time on the capacitive photocurrent,

trapezoidal light pulse was used to illuminate the biointerface having 5-ms constant illumination
of 150 mW cm−2 (t1= 5 ms) while the fall time of t2 was varied from 250 µs to 20 ms in Fig. 2(b)
that corresponds to the illumination slopes ranging from 600 mW cm−2 ms−1 to 7.5 mW cm−2

ms−1. The negative peak of the measured photocurrent remained relatively constant at the level
of 3.86 nA, and the positive peak decreased from 572 pA to 244 pA for the slopes ranging from
600 mW cm−2 ms−1 to 7.5 mW cm−2 ms−1 fall time, respectively (Fig. 2(b), 2(d)).

To analyze the photocurrent trends, we mathematically fitted the negative and positive current
peaks with R2=98.6% and 99.5%, respectively (Fig. 3(a) and 3(b)). Maximum negative and
positive capacitive transient peaks are 3860 pA and 1350 pA that are generated by square response
of LED driver (Fig. 1(f)). Here the slope of the square wave is limited by the illumination system.
According to the fits of Eqs. (1) and 2, the maximum rise and fall time limited by the illumination
system were calculated as 101.7 ns and 102.1 ns showing the square-wave response, which
correspond to the slopes of 1430 W cm−2 ms−1 and 1437 W cm−2 ms−1. Moreover, using fitted
Eqs. (1) and 2, we can also predict light intensity rate to obtain desired negative and positive
capacitive transient peaks. For example, to obtain negative capacitive transient current peak
of 38.6 pA (1% of the maximum negative capacitive transient current peak of the square-wave
photoresponse) the light intensity rate should be 1.0 mW cm−2 ms−1, which corresponds to t2
of 115.4 ms. Similarly, to obtain positive capacitive transient current peak of 13.5 pA (1% of
the maximum positive capacitive transient current peak of the square-wave photoresponse) the
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Fig. 2. Photocurrents generated by the photocapacitors under free-standing mode. (a)
Pulse waveforms modulating the negative capacitive transient part of the photocurrent. (b)
Pulse waveform modulating the positive capacitive transient part of the photocurrent. (c)
Modulation of negative capacitive transients under different intensity slopes. (d) Modulation
of positive capacitive transients under different intensity slopes.

light intensity rate should be 1.3 mW cm−2 ms−1, which corresponds to t2 of 144.2 ms. While
the negative and positive peaks were varied, the amount of charge was constant around 1.2 pC
(Fig. 3(c) and 3(d)).

y(pA) = −47.13 + 618.49 ln
(

x
(

mW
cm2ms

))
(1)

y(pA) = −1.00 + 218.57 ln
(

x
(

mW
cm2ms

))
(2)

While linear rising or falling voltage ramps generate constant capacitive currents in electrical
stimulation, the case for light-evoked optoelectronic biointerfaces is different. When the
photoelectrode is interfaced with the electrophysiological media in the wireless mode, it operates
more closely under the open-circuit condition like a solar cell. Hence, we can consider that the
conduction current is approximately zero and V ≈ Voc. Since this case analogically corresponds
to the shunt resistance much larger than the series resistance in wired photovoltaic devices, Open
circuit voltage (Voc) can be approximated as in Eq. (3), which shows a logarithmic relation with
the light intensity (Popt) [25]. Since the capacitive current is proportional with the derivative
of the voltage (i.e., photovoltage or open-circuit voltage) (Eq. (4)–(5)), the capacitive current is
proportional with the first derivative of logarithm of applied light intensity.

Voc ∝
nkBT

q
ln(Popt) (3)

Icap ∝ C
d
dt
(V) (4)

Icap ∝
d
dt
(Vph) ∝

d
dt
(Voc) ∝

d
dt
(ln(Popt)) (5)
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Fig. 3. (a) Negative capacitive transient peaks (blue squares) under different light intensity
slopes. Since the illumination fall time are kept constant, the positive capacitive peaks (red
squares) remained at similar level. Blue and red line is the fit with R2 as 99.4% and 99.5%,
respectively. (b) Positive capacitive transient peaks (blue squares) under different light
intensity slopes. Since the illumination fall time are kept constant, the negative capacitive
peaks (red squares) remained at similar level. Blue and red line is the fit with R2 as 99.8%
and 98.6%, respectively. (c)-(d) Negative and positive transient charges under different light
intensity slopes. (N= 3 and error bars show the relative standard deviation.)

3.3. Photostimulation of neurons

To investigate the electrophysiological cellular photoresponse, we performed the patch clamping
of SHSY-5Y cells seeded on the biointerface in whole-cell configuration (Fig. 4(a)). The I-V
characteristics of SHSY-5Y cells grown on photocapacitor under dark condition was performed
in voltage clamp mode, which shows that the SHSY-5Y cells exhibit typical resting membrane
potential in the range of -20 to -50 mV (Fig. 4(b)). The SHSY-5Y cells exhibits quasi-linear
response around the resting membrane potential. Under pulsed illumination we see depolarization
followed by hyperpolarization of the membrane potential with photocapacitor having first
negative transient current peak followed by positive transient current peak. Fromherz and
co-workers demonstrated in their analysis that depolarization occurring at junction membrane
results hyperpolarization at free membrane (or vice versa) [24]. Since the junction membrane
is attached to photoelectrode, we observe first depolarization then hyperpolarization at the
free-membrane. Moreover, the biointerface does not induce any toxicity on cells in-vitro [21].
The change in membrane potentials under light modulation is shown in Fig. 4(c) and 4(d).

When the biointerface was illuminated by a trapezoidal pulse that has a rise time (t2) ranging
from 250 µs to 20 ms corresponding to the rising slope from 600 mW cm−2 ms−1 to 7.5 mW
cm−2ms−1, the depolarization of the membrane potential peak decreased from 11.9 mV to 3.1 mV
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Fig. 4. (a) Schematic of the whole-cell patch clamp recording configuration. The cells are
grown on the photocapacitor and adhere on the surface. Collimated LED is used to illuminate
and activate the photocapacitor. (b) Current-voltage characteristics of a typical SHSY-5Y
cell on the photocapacitor. (c) Transmembrane potential change vs time of the SHSY-5Y
cells on the photocapacitor with different levels of negative capacitive transient modulation.
(d) Transmembrane potential change vs time of the SHSY-5Y cells on the photocapacitor
with different levels of positive capacitive transient modulation. (e) Depolarization and
hyperpolarization peak under different levels of negative capacitive transient modulation.
Blue line is the fit with an R2 of 99.4%. (f) Depolarization and hyperpolarization peak under
different levels of positive capacitive transient modulation. Blue line is the fit with an R2 of
97.4. (N= 3 and error bars show the relative standard deviation.)



Research Article Vol. 11, No. 11 / 1 November 2020 / Biomedical Optics Express 6076

under, respectively (Fig. 4(e)). The depolarization peak of the membrane varied logarithmically
under variation of the rise time slope with R2 = 98.6% fit (see Fig. 4(e)) (see Eq. (6)). At the same
time, hyperpolarization membrane potential remained constant as 5.6 mV due to the keeping the
fall time fixed. Furthermore, for the trapezoidal pulse that has variation in fall time from 600
mW cm−2 ms−1 to 7.5 mW cm−2 ms−1 and constant rise time, the depolarization of membrane
potential remained relatively constant as 27 mV and hyperpolarization of membrane potential
decreased from 3.4 mV to 1.2 mV, respectively (Fig. 4(f)). The hyperpolarization peak of the
membrane potential varied logarithmically under variation of the fall time slope with R2 of 99.5%
fit (see Fig. 4(f)) (see Eq. (7)). Under variation of the fall time slope, depolarization peak of the
membrane remained constant.

y(mV) = −1.34 + 4.89 ln
(
x
(

mW
cm2ms

))
(6)

y(mV) = 0.36 + 1.00 ln
(
x
(

mW
cm2ms

))
(7)

4. Conclusion

In this study, we showed that modulation of rise and fall time slopes of light pulse waveforms
control the direction and strength of currents generated by the photocapacitor. These capacitive
currents facilitated high-levelmodulation of depolarization and hyperpolarization of themembrane
potential. The control over hyperpolarization and depolarization by light can lead to an effective
strategy for therapeutic purposes. Depending on the type of neural disorder, activation or silencing
of neural activity is required. For example, Parkinson’s disease requires depolarization of neural
tissues to evoke action potential; on the other hand, in the case of epilepsy, suppression of neural
activity is required. Moreover, since the maximum intensity levels illuminated at substrates
are three orders of magnitude below maximum irradiance level for retinal cells, the control
of capacitive currents via waveform shaping can be useful for retinal prosthetics as well. The
proposed method was investigated on SHSY-5Y cell lines. In the future studies, the investigation
of light pulse waveform control on the excitation and inhibition of neural activity on primary
neural cell lines are the follow-up studies. If any photochemical or thermal damage would be
observed on any tissue, the illumination powers and gradients can be optimized to obtain safe
illumination conditions, which may influence the repetition frequency. Our results pave the way
toward non-genetic and safe light-activated implants for superior optical control of neural activity.
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